In order to evaluate the atmospheric corrosivity in an electrical control unit room in a steelmaking plant by using quartz crystal microbalance (QCM) sensors, the temperature, relative humidity and corrosion rates of metals on QCM were monitored for five months. The metals employed for sensing corrosive gases were silver, copper and cobalt. The concentrations of the corrosive gases were estimated from the data of corrosion rates for these metals considering relative humidity. The temperature, relative humidity, and the corrosion rates in a given day were distributed according to the normal probability law. The concentrations of H 2 S, SO 2 and NO 2 were estimated from the mean values of the relative humidity and the corrosion rates of silver, copper and cobalt, which derived from the normal probability plots. The concentrations thus obtained were roughly close to those analyzed by conventional analytical methods. The atmospheric corrosivity will be able to estimate based on the monitoring of the corrosion rate with multichannel QCM sensors.
Introduction
The service environment of the electrical control unit in a factory contains corrosive gas that is generated in manufacturing process occasionally. The traffic monitoring system might be suffered automobile exhaust emission. These electronic and electric facilities must work stably for a long time. When a metallic component in such equipments is damaged by corrosion, malfunctioning or failure might occur. In the standards issued by the Japanese Industrial Standards (JIS), 1) the International Electrotechnical Commissions (IEC), 2) and the Japanese Electronic Industry Development Association (JEIDA), 3) the severity of a corrosive environment is classified according to the concentration of corrosive gas species in the atmosphere. On the other hand, the standard issued by the Instrument Society of America (ISA) 4) defines the severity of environments on the basis of the rate of corrosion on a copper test piece measured in the environment.
The evaluation of the severity of corrosive environments for electronic and electric equipments is sometimes carried out by analyzing specific gases in the air sampled. However, it is sometimes the case that the severity of the evaluated corrosive environment does not correspond well to the detected degree of the corrosion damage. For instance, a copper migration occurred although the atmosphere in the electrical control room of a steelmaking plant was moderately corrosive. 5) By combining a quartz crystal microbalance (QCM) 6) and gas analyzer, Forslund et al. 6) monitored the atmospheric environment in the paper manufacturing plant and illustrated a correlation between the metallic corrosion rate and the corrosive gas concentration fluctuation pattern. On the other hand, Todo et al. 7) analyzed the correlation of measured copper corrosion with the atmospheric temperature, relative humidity, corrosive gas concentration, and airborne sea salt particle concentration. They confirmed the validity of the severity classification issued by JEIDA-63-2000 standard, 3) claiming that a reliable copper corrosion weight loss evaluation could be achieved referring to the JEIDA standard.
QCM is used for continuous in situ monitoring of metal corrosion in ambient atmosphere. In fact, QCM was used for metal corrosion monitoring at the telephone exchange room, 8) at electrical control unit room in steelworks plant, 5) and at the paper manufacturing plant. 6) In the past research, 6 ) the corrosion rate of the metal with QCM sensors and the corrosive gas concentrations were independently measured. Then corrosion environment was analyzed from the corrosion rate of the measured metal compared with the concentration of the corrosive gas. In a previous study, 9) the corrosion rates were monitored using QCM sensors containing different metal thin films in the well-controlled corrosive atmosphere chamber. And corrosion rate equations of metals as function of the corrosive species were derived from the regression analysis. Then, the corrosive gas concentration was inversely estimated from the corrosion rate equations.
The purpose of this study is to examine the possibility of evaluating the atmospheric corrosivity of actual electrical control unit room in a steelmaking plant with the reverse estimation for the gas concentration by the multichannel quartz crystal microbalance sensors.
Experimental
The monitoring system 5) consisting of QCM, temperature and humidity sensors were set up at an air-conditioned electrical control unit room in a steelmaking plant. Monitored data were gathered for five months from November 1998 to May 1999. The data were sampled at 6 min intervals and stored in the hard disk of a personal computer. The QCM sensor was made from an AT-cut quartz crystal substrate (supplied by Meidensha Corporation) with a diameter of 8 mm and a fundamental frequency of 10 MHz. Both sides of the quartz crystal substrates were deposited directly with silver, copper or cobalt thin films by radio frequency (RF) magnetron spattering. The sputtering equipment was supplied by Anelva (SPF-313H) and the sputtering target materials with 99.98% or 99.998% purity were supplied by the Kojundo Chemical Laboratory Co. Ltd. The chamber of the sputtering system was evacuated to the level lower than 2.0 © 10 ¹4 Pa. After evacuation, a metal thin film was deposited with the thickness of about 300 nm by sputtering with RF power of 800 W at ambient temperature. The substrate temperature was not controlled. Then the quartz crystal with a sputter-deposited metal thin film was inserted in a lead socket supplied by Meidensha Corporation. Finally the electrical contact between the quartz crystal and the lead socket was ensured by applying Ni dispersed electroconductive adhesive supplied by ThreeBond (3381). The monitored frequency change was converted into the mass change using the Zauerbrey equation 10) and the corrosion rate was estimated from the evaluated mass change. Figure 1 shows the temperature and relative humidity changes during the monitoring period. The temperature fluctuated between 288 and 303 K, and most of the temperature ranged among 293298 K. The temperature fluctuation was small in the initial 1000 h period, but became large and irregular after 1000 h. It is thought that the fluctuation was caused by the penetration of outside air when the door was opened and temporary shutdowns of the air-conditioner. The mean temperature during the monitoring period was 296.3 K and the maximum temperature was 303.0 K. The relative humidity ranged 20 to 60%. It was mostly less than 30%, but sometimes showed a spike-like change. After 2500 h, the spikes in the relative humidity rises appeared frequently. The mean relative humidity during the monitoring period was 26.4% and the maximum was 62%. In the previous study, it was found that the monthly average temperature was distributed according to the normal probability law for the past 30 years. 11) Therefore it was attempt to plot measured data of temperatures and humidity as normal probability distribution. Figure 2 shows the normal probability plot of the temperature for one day, December 1st, 1998 (After almost 250 h pass). There are 240 data points. The temperature was distributed according to the normal probability law, and the mean temperature was 296.3 K. Figure 3 shows the normal probability plot of the relative humidity on the same date as Fig. 2 . The relative humidity was roughly distributed according to the normal probability law, and the mean relative humidity was 31.1%. Since the changes of the temperature and the relative humidity for other days fitted to the normal probability plots in a similar manner as Figs. 2 and 3. Shinohara et al. 12) reported that temperature and relative humidity were distributed according to the normal probability distribution for two years at a building located in a seashore area in Chiba prefecture, Japan. Because the temperature and humidity showed similar distribution, it was concluded that the normal probability plots was useful to obtain the mean temperature and humidity for given day through the monitoring period.
Results and Discussion

Monitoring of temperature and relative humidity
Quartz crystal microbalance monitoring
The mass gain of silver, copper and cobalt films was derived from frequency changes of QCM sensors during the monitoring period. Figure 4 shows the changes in the mass gain as a function of exposure time. The measured mass gain represents the sum of the weight of the corrosion products of the metal, the dust particles deposited on the sensor surface, and water adsorbed on the surface. In the following analysis, it was considered that the influences of the other factors except for the corrosion products are constant and thus the increase in the measured mass gain is due to the increase in the mass of corrosion products. The total mass gain through the monitoring period was estimated to be 2.5 © 10 ¹5 g·cm ¹2 for Ag, 6.0 © 10 ¹6 g·cm ¹2 for Cu, and 4.5 © 10 ¹6 g·cm ¹2 for Co. Figure 5 shows the corrosion rate for silver (a), copper (b) and cobalt (c) evaluated from the mass gain for every 24 h. The corrosion rate here is defined as an increase rate of the mass of the corrosion products. The maximum corrosion rate was 3.33 © 10 ¹8 g·cm ¹2 ·h ¹1 for silver, 1.11 © 10 ¹8 g·cm ¹2 ·h ¹1 for copper and 1.48 © 10 ¹8 g·cm ¹2 ·h ¹1 for cobalt.
Figures 6, 7 and 8 show normal probability plots of the corrosion rate for silver, copper and cobalt on December 1st, 1998. The corrosion rate for each metal was roughly distributed according to the normal probability law. The mean corrosion rates were 1.16 © 10 ¹8 g·cm ¹2 ·h ¹1 for silver, 3.59 © 10 ¹9 g·cm ¹2 ·h ¹1 for copper and 2.09 © 10 ¹9 g·cm ¹2 ·h ¹1 for cobalt. The distribution of the corrosion rate analyzed for other days also obeyed the normal probability law.
Estimation of the atmospheric corrosivity
As the relative humidity and corrosion rate were distributed according to the normal probability distribution, the mean values for the relative humidity and the corrosion rate of each metal for a given day were estimated from the normal probability plots. Figure 9 shows the change of the daily mean values for relative humidity and the corrosion rates as a function of exposure time. The corrosion rate of cobalt seems to have changed corresponding to the change in relative humidity excluding a part of data, while the corrosion rates of silver and copper are thought to have changed independent of the change in relative humidity. In the previous study, 9) it was found that the corrosion rates of silver and copper are independent of the relative humidity. The corrosion rate of silver depends on the corrosive gas concentration of nitrogen dioxide and hydrogen sulfide, and that of copper on the concentration of sulfur dioxide and hydrogen sulfide.
From these statistical evaluations, it is possible to assume that the corrosion rate changes not only with the relative humidity but also with the corrosive gas concentration. In order to estimate the concentration of the corrosive gas from the corrosion rate and relative humidity, the following equations derived from the regressions for the corrosion rates of metals in well-controlled corrosive atmospheres at 298 K 9) can be used: where ½C H 2 S , ½C SO 2 and ½C NO 2 refer to the concentration of hydrogen sulfide, sulfur dioxide and nitrogen dioxide in µg·m ¹3 respectively. ½R Cu , ½R Co and ½R Ag refer to the corrosion rate of copper, cobalt and silver in µg·cm ¹2 ·h
¹1
and RH to the relative humidity in %. As described in Session 3.1, the temperature of the test room fluctuated, but most of the temperature ranged among 293298 K. Therefore, we assumed that the above regression equations at 298 K can be used for the analysis of all data sets of corrosion rates. Figure 10 shows the changes in thus estimated concentration of corrosive gases with exposure time. It can be supposed that the concentration of H 2 S has been changed in the range of 0.010.25 ppb, and the concentrations of SO 2 and NO 2 have been changed in the range of 0.240 ppb. After 4100 h exposure, the concentrations were 0.16 ppb for H 2 S, 17.7 ppb for SO 2 and 2.7 ppb for NO 2 . In the previous study, 5) the corrosive gas concentration obtained by conventional analytical method for the gas sampled in the electrical control unit room after the exposure test for 4100 h was <2 ppb for H 2 S, <5 ppb for SO 2 and 15 ppb for NO 2 .
Though the estimated value could not be simply compared with the chemically analyzed one at different time because of time-dependent changes in the composition of the atmosphere, it is thought that the estimated value was corresponding to the measurement one for the H 2 S concentrations. For the NO 2 concentration, it was considered that the estimated value was appropriate because the estimated value was the background level of the NO 2 concentration typically present in the atmosphere of Japan. 13, 14) However the estimated values were not corresponding to the measured ones for SO 2 concentration. The contribution coefficients of the approximation equations were 0.97 for hydrogen sulfide, 0.78 for nitrogen dioxide and 0.64 for sulfur dioxide. 9) The reason why the estimated values for SO 2 were not corresponding to the measurement ones was that the accuracy of the approximation equation was insufficient. It is thought that the estimation of the gas concentration can be improved by advancing the accuracy of the approximation equation. If considering the daily variations in the corrosive gas concentration, there exits a correspondence between the concentration estimated by the present QCM method and that obtained by the conventional method. As a result, it is thought that there is possibility that the atmospheric corrosivity can be estimated based on the monitoring of the corrosion rate with multichannel QCM sensors.
Conclusions
The corrosion rates of silver, copper and cobalt were simultaneously monitored with temperature and humidity in the electrical control unit room in a steelmaking plant. The data obtained were analyzed to utilize them for the estimation of the concentrations of the corrosive gases. The following conclusions were drawn.
(1) The fluctuation of the temperature, relative humidity, and corrosion rates were roughly distributed according to the normal probability law. (2) The mean values of the relative humidity and the corrosion rates of the three metals, derived from the normal probability plots, can be used for estimating the concentration of SO 2 , NO 2 and H 2 S. (3) It is considerable that the corrosion rates of silver, copper and cobalt fluctuated since the corrosive factors like relative humidity and concentration of the corrosive gas change in the electrical control unit room. (4) The atmospheric corrosivity will be able to estimate based on the monitoring of the corrosion rate with multichannel QCM sensors.
